We demonstrate that the compressibility of cubic fluorite-structure CeO 2 nanocrystals ͑10 nm͒ increases at pressures above ϳ20 GPa. At ambient pressure, CeO 2 nanocrystals exhibit larger cell parameters than micro-sized samples, and initially exhibit a higher bulk modulus of 328͑12͒ GPa. However, above 20 GPa, the bulk modulus is reduced to 230͑10͒ GPa. Thus, a critical pressure of ϳ20 GPa was determined that signifies the onset of size-induced weakening of elastic stiffness in nanocrystalline CeO 2 . Comparison of the x-ray diffraction peaks widths between the platinum standard and CeO 2 indicates that a significant increase of particle size in CeO 2 appears at a pressure of ϳ20 GPa. It is suggested that the initial large value of the bulk modulus is a result of either an enhanced surface energy or from the pressure induced stiffness of Young's modulus ͑E͒ and Poisson's ratio ͑͒; while the weakening of the elastic stiffness above 20 GPa is due to a pressure-induced increase of particle size. Relevant to the engineering of materials with enhanced mechanical properties, the examination of nanocrystals under high-pressure conditions has recently been of great interest. Previous studies indicate that a decrease of particle size results in a dramatic increase in the elastic moduli relative to bulk samples, 1-3 but recent investigations demonstrate that the enhanced elastic modulus significantly weakens or completely disappears above a critical pressure. 4, 5 The enhancement of the elastic modulus was previously explained by an increased surface energy contribution, 1-3 but its weakening and disappearance above a critical pressure are still not well understood. Several considerations have been used to explain this observed phenomenon, 4,5 however no direct evidence has been experimentally observed to this end. Moreover, at ambient conditions, when particle sizes are decreased to a critical size ͑Ͻ15 nm͒, the corresponding Poisson ratio and elastic modulus start to exhibit a significant softening, similar to those of their bulk counterparts.
Relevant to the engineering of materials with enhanced mechanical properties, the examination of nanocrystals under high-pressure conditions has recently been of great interest. Previous studies indicate that a decrease of particle size results in a dramatic increase in the elastic moduli relative to bulk samples, 1-3 but recent investigations demonstrate that the enhanced elastic modulus significantly weakens or completely disappears above a critical pressure. 4, 5 The enhancement of the elastic modulus was previously explained by an increased surface energy contribution, 1-3 but its weakening and disappearance above a critical pressure are still not well understood. Several considerations have been used to explain this observed phenomenon, 4, 5 however no direct evidence has been experimentally observed to this end. Moreover, at ambient conditions, when particle sizes are decreased to a critical size ͑Ͻ15 nm͒, the corresponding Poisson ratio and elastic modulus start to exhibit a significant softening, similar to those of their bulk counterparts. [6] [7] [8] Thus, we expect that nanocrystals with particle size below 15 nm may display a pressure-induced behavior similar to that of the bulk counterpart, such as bulk modulus. In order to explore possible mechanisms for ultrafine nanocrystals ͑Ͻ15 nm͒, and also to look at direct evidence for weakening and disappearance of nanosize induced enhancement of elastic stiffness, a mixture of ultrafine cubic fluorite-structure cerium dioxide ͑CeO 2 ͒ and cubic structure platinum (as a pressure standard) were studied by synchrotron x-ray diffraction to 38 GPa. Our results explicitly demonstrate that CeO 2 nanocrystals with a particle size of 10 nm still exhibit an enhanced bulk modulus, and its weakening above a critical pressure unambiguously results from a significant increase of particle size.
The sample of CeO 2 used in this study has a nearly spherical particle size of 10 nm ͑9-11 nm͒, on average. Raman spectroscopy and x-ray diffraction confirmed the cubic fluorite structure for CeO 2 . High-pressure x-ray diffraction measurements were performed at room temperature by using a gasketed high pressure diamond anvil cell. A mixture of 95% CeO 2 nanopolycrystals and 5% platinum without pressure medium was placed in a T301 steel gasket hole, 70 m in initial thickness and 120 m in diameter. Platinum served both as a pressure calibrant and a standard for marking pressure induced stress variation of the sample. Such an experimental design allows one to collect x-ray diffraction patterns of both CeO 2 and platinum from one spot, in which the similar strain characteristics should be observed. Energy dispersive synchrotron radiation at Cornell High Energy Synchrotron Source (CHESS) was used for x-ray diffraction measurements. 3 Energy calibrations were made using the well-known radiation sources (  55 Fe and   133 Ba), and angle calibrations were made from the six peaks of standard Au powder. Powder x-ray diffraction patterns were collected at pressures to ϳ38 GPa for refinement of cell parameters and evaluation of the variation of lattice strain and particle size.
The x-ray diffraction patterns of bulk (micro-size) and nanocrystalline CeO 2 collected at one atmosphere are shown in Fig. 1 . Nanocrystalline CeO 2 exhibits significant size induced broadening of the observed peaks compared to bulk CeO 2 . Using the observed positions of the x-ray diffraction peaks, cell parameters of nanocrystalline and bulk CeO 2 were calculated to be 5.4196(5) and 5.4141͑3͒ Å, respectively. This indicates that nanocrystalline CeO 2 exhibits a significantly larger lattice, different from the nanosize induced lattice contraction that is observed with most nanocrystals. Previous studies suggest that such an increase in lattice dimensions is caused by the reduction of Ce 4+ to Ce 3+ , a)
Author to whom correspondence should be addressed; electronic mail: zគwang@lanl.gov when the particle size is reduced to 20 nm. [9] [10] [11] Correlations that were previously obtained between lattice size increase and reduced ration of Ce 3+ /Ce 4+ suggest that about 0.8% molar Ce 4+ in the CeO 2 sample was reduced to Ce 3+ . 9 Surface energy contributions usually lead to a contraction of the particle shell layer, in which the large d spacings display the greatest deviations. Thus, two controversial effects compensate and result in the same d-spacing value for the diffraction planes (111) and (200) with the largest d spacings for nanosize and bulk CeO 2 ( Fig. 1) . But, the small d spacings of nanocrystalline CeO 2 apparently shift to higher values relative to those of bulk CeO 2 . Since the determination of the cell parameter is mostly influenced by the values of the small d spacings, it is reasonable to observe a lattice expansion in the nanocrystalline CeO 2 .
Average cell parameters were calculated from the observed diffraction patterns of nanocrystalline CeO 2 at each pressure. A third-order Birch-Murnaghan equation of state (EOS) was fit to the observed pressure-volume data. As shown in Fig. 2 , a noticeable discontinuity appears at ϳ20 GPa. Therefore, we fit the P -V data with two distinct EOS curves that appear to be reasonably constrained (Fig. 2) . It is notable that the curve fit to the data above 20 GPa matches previous data collected from bulk CeO 2 .
12 Upon compression, the bulk modulus below 20 GPa is 328͑12͒ GPa with KЈ ϵ 4, which is greater than that of micro-size polycrystalline CeO 2 ͓230 ͑10͒ GPa͔. 12 Such an high bulk modulus is likely due to the nanocrystalline effect, as also observed for nanocrystalline Si 3 N 4 and Ge 3 N 4 with extremely high bulk moduli of 685(45) and 381͑2͒ GPa, respectively. 4, 5 These results signify that the nanosize induced enhancement of elastic stiffness in CeO 2 nanocrystals apparently weakens at a critical pressure of ϳ20 GPa.
In order to clarify the resulting mechanism for the observed high-pressure properties, we compared the pressureinduced variation of peak broadening of platinum and CeO 2 in order to analyze the pressure profiles of the lattice strain and particle size. Since both platinum and CeO 2 have cubic structures that are elastically isotropic, each of the lattice planes is subject to the same strain. Therefore, we only use the (111) peak, which is strong and does not overlap with other peaks, to evaluate the pressure-induced variation of particle size and lattice strain. Line broadening of the x-ray diffraction peaks is related to the reduction of particle size and enhancement of lattice strain. The peak width variation of the (111) plane of platinum and its Full width at half maximum (FWHM) profile as a function of pressure are shown in Fig. 3 , which indicates that elevation of pressure gradually enhances lattice strain of the sample. Since the x-ray diffraction pattern of nanocrystalline CeO 2 was collected at the same spot as that of platinum, the lattice strain profile of the CeO 2 sample should exhibit similar characteristics, assuming that equal strain is generated in the two coexisting compounds at the same pressure conditions. However, as shown in Fig. 4 , the peak variations of the (111) plane of CeO 2 and its FWHM values display quite different pressure-dependent profiles. A Significant decrease of the FWHM value occurs at a pressure of ϳ20 GPa. As observed for platinum, no significant discontinuity of lattice strain variance appears as pressure increases from 1 atm to 38 GPa, so the observed kink of line broadening in CeO 2 can only result from an enlargement of particle size of CeO 2 nanocrystals. This further suggests that a significant increase in the particle size of CeO 2 takes place at a pressure of ϳ20 GPa. These results imply that nanosize-induced effects in CeO 2 result in a significant increase of bulk modulus below 20 GPa; upon additional compression ͑Ͼ20 GPa͒, the nanosize-induced effect appears to be suppressed by pressure induced increase of particle size, resulting in a considerable weakening of the elastic stiffness of CeO 2 .
Previous high-pressure studies identified two types of behavior in nanocrystalline materials: one is associated with a larger bulk modulus upon reduction in particle size; [1] [2] [3] while the other associates the same compressibility as that in the bulk counterpart. [13] [14] [15] For the first type, all previously studied materials were investigated only at lower pressures, 1-3 and all the bulk materials exhibit phase transitions at relatively low pressures. In contrast, the second type of nanocrystals was studied under extreme compression, [13] [14] [15] since their bulk counterparts are stable over a wide range of pressure. Recent studies of spinel structure Si 3 N 4 and Ge 3 N 4 nanocrystals indicate that the size-induced enhancement of the bulk modulus is weakened or disappears above a critical pressure, 4, 5 which explains the compressional properties exhibited by the two types of nanocrystals, but the resulting mechanism for such an observed phenomenon still remains ambiguous. Moreover, a large number of studies indicate that surface energy contribution leads to a contract effect of lattice and enhanced elastic properties, but below the critical size ͑Ͻ15 nm͒, a lattice dimension increase and elastic softening effect were observed. [6] [7] [8] Therefore, it is expected that different high pressure behavior may occur in these ultrafine nanocrystals compared with those observed previously from nanocrystals with particle size above 15 nm. [1] [2] [3] This further implies that the nanocrystalline effect may not alter the bulk modulus. Several studies demonstrate that CeO 2 nanocrystals with particle size of Ͻ20 nm exhibit an increase in lattice dimension. [9] [10] [11] This is confirmed by our results. However, our high-pressure studies do not support our expectation of the same bulk modulus in such an ultrafine nanocrystals. In contrast, an enhanced bulk modulus is still observed. As is well known, the bulk modulus ͑K͒ involves both the Young's modulus ͑E͒ and Poisson's ratio ͑͒, and either enhancement of Young's modulus or Poisson's ratio can lead to an increase of the bulk modulus. Previous studies indicate that a reduction of particle size results in a significant enhancement of Young's modulus and of Poisson's ratio, [7] [8] [9] but below a critical size, both of them exhibit a remarkable softening. 8, 9 Thus, two possibilities are considered to explain our results. One may suggest that the nanosize still plays a critical role, and results in an enhanced bulk modulus; another may be a pressure-induced stiffness of both Young's modulus and Poisson' ratio in such ultrafine nanocrystals. Moreover, compared with the lattice strain profiles obtained from platinum, an apparent kink in the linewidth broadening of the x-ray diffraction profiles (111) of CeO 2 nanocrystals at a pressure of ϳ20 GPa provides unambiguous evidence that a significant increase of particle size occurs at this critical pressure. This is a key factor in the weakening and further disappearance of the pressure-induced incompressibility of the CeO 2 nanocrystals. Such an observation and the corresponding interpretation can also be used to explain the observed phenomena of other nanocrystals. It is suggested that the sizeinduced effect plays a vital role in the particular properties of nanocrystals over a wide range of particle size only below a critical pressure, and correspondingly results in an enhancement of the bulk modulus; upon additional pressure, the particle size apparently increases, leading to the same weaker incompressibility as observed in the bulk counterpart. Furthermore, our result can also explain why the two types of behavior were observed for nanocrystals in previous studies.
1-3,13-15 An important consideration is whether previous experiments reached the required critical pressures or not. It is pointed out that the resulting mechanism for the abrupt increase of particle size near 20 GPa still remains mysterious. This cannot be interpreted by the simple fusing of particles together that is commonly observed in pressure studies, since the resulting particle coarsening would increase gradually with pressure. Thus, one consideration may be due to the pressure-induced cold welding in which a critical condition is theoretically needed for overcoming the energy gap.
In summary, we have carried out in situ synchrotron x-ray diffraction to explore the size-induced compressional effect in nanocrystalline CeO 2 to pressures of 38 GPa. Results indicate that at a critical pressure of ϳ20 GPa, there is a significant weakening of the size-induced effect in nanocrystalline CeO 2 . Below and above this pressure, the bulk moduli were calculated to be 328 (12) and 230͑10͒ GPa, respectively. Thus, it is suggested that the initial enhancement of bulk modulus may result either from an enhanced surface energy contribution or from a pressure induced stiffness of Young's modulus ͑E͒ and Poisson's ratio ͑͒. The observed decrease in the bulk modulus at a critical pressure of ϳ20 GPa appears to be a consequence of particle size enlargement. This result provides a reasonable explanation for the existing irreconcilable compression behaviors of different nanocrystals.
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